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ABSTRACT

We present in this paper a study of the azimuthal anisotropy of the motion field observed dunng a six-day
canipaign in March 1986 using the MU radar in Shigaraki, Japan. The radial wind velocity was observed at
20° zenith angle, at every 20° of azimuth during four days, and at every 45° duning two days. A jet stream was
present during the entire six days. The average radial velocity varance from 104 to 19.2 km was calculated
every four minutes and then averaged over 20 wninutes or one hour.

{ he average variance was found to be a strong function of both azimuth and time. The azimuthal vanations
were analyzed in terms of the mean and the first and second harmonics. The mean is proportional to the kinetic
energy per unit mass of the radial wind fluctuations. and the first harmonic is proportional to the vertical fluy
of horizontal momentum per unit mass. The strong azimuthal vanation was usually dominated by the second
harnmionic: .., with two peaks, but was occasionally dominated by the first harmonic. with one peak. The phase
of the first harmonic was usually westward, but the phase of the second harmonic was quite vanable.

It was shown by a development of gravity wave theory that all of the observed azimuthal variations could
probahly be caused by a gravity wave field whose parameters vary with time.

1. Introduction

Atmospheric parameters are observed to tluctuate
on all scales. When these fluctuations are approxi-
mately sinusotdal, they can be interpreted as being due
to waves. which in the mesoscale are aimost certainly
internal gravity waves. However, the fluctuations are
sometimes not sinusoidal, so that their cause is not
immediately evident. Dewan (1979) and VanZandt
(1982) suggested that the mesoscale fluctuations are
due to a random superposition of gravity waves, in
analogy with the internal gravity wave model success-
fully applied to very similar fluctuations in the ocean
(Garrett and Munk 1972, 1975). Gage (1979), on the
other hand, suggested that the mesoscale fluctuations
were due to the energy spectrum of two-dimensional
turbulence (a limiting case of stratified turbulence).

The dynamics of these processes and their dynamical
effects on the atmosphere are quite different. In the
gravity wave field the energy is thought to cascade to-
ward small scales. where the waves break down, with
at least part of their energy dissipating into inertial-
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range turbulence. On the other hand. in stratified tur-
bulence the energy cascades from smaller toward larger
scales. Other important differerces are that gravity
waves propagate away from the region of their gener-
ation, so that they may have significant vertical fluxes
of energy and momentum, which, in regions of wave
dissipation, can cause large mean-flow accelerations
and turbulence intensities (Vincent and Reid 1983:
Fritts and Vincent 1987: Reid and Vincent 1987).
These effects are now understood to be important for
global atmospheric dynamics and structure ( Houghton
1978: Lindzen 1981; Fritts 1984: Palmer et al. {986).

It is thus quite important to describe the mesoscale
fluctuations, to understand their dominant dynamical
processes, and to assess their effects on the atmosphere.
This paper is the first of two papers 1n which we cx-
amine some of the characteristics of the mesoscale mo-
tion ficld in the troposphere and lower stratosphere.
utilizing the unique capabilities of the MU radar in
Shigaraki, Japan. The MU radar can sound in up to
16 different directions essentially simultancously.
which permits the conduct of experiments that would
be impossible using any other radar. We have taken
advantage of this capability to measure the radial ve-
locity as a function of azimuth during a six-day cam-
paign in March 1986. These data are used in this paper
to study the azimuthal anisotropy of the vanance of
radial velerity, Althconh the asimythal anientrony of

P N R A

[ SO




40 JOURNAL OF THE ATMOSPHERIC SCIENCES

the mesoscale fluctuations has been studied in the me-
sosphere (Meek et al. 1985 Ebel et al. 1987: Vincent
and Fritts 1987; Manson and Meek 1988), this is ap-
parently the first study in the lower atmosphere. The
companion paper by Fritts et ai. (1989) studies the
vertical flux of horizontal momentum and other prop-
erties of the motion field.

In section 2 the experimental configuration and basic
data are described in considerable detail; only a brief
description is given in the second paper. The back-
ground wind and temperature structure during our ex-
periment are presented in section 3, and the variations
of the variance of the radial velocity versus azimuth
and time are described in section 4. In sectioa S a model
is developed for the azimuthal anisotropy of the van-
ance due to a gravity wave field. and it is shown that
probably all of the observed vanations could be ex-
plained by a time-dependent gravity wave field. Con-
clusions are presented in section 6.

2. Experimental configuration and velocity data

The experiment was conducted using the MU radar,
located at 34.85°N, 136.10°E. 370 m MSL., in Shiga
prefecture, Japan. The relief in this region 1s strong.
with peaks up to 800 m within 10 km and up to 1200
m within 30 km. The MU radar is a monostatic pulsed
Doppler radar, operating at a frequency of 46.5 MHz
(wavelength 6.45 m). The antenna is circular with a
diameter of 103 m, resulting in a two-way. half-power
beamwidth of 2.5°. Further details about the MU radar
can be tound in Fukao et al. (1985).

The present experiment was conducted from 1122
JST (Japan Standard Time: =UTC + 9 h) 8 March
1986. until 1549 JST 14 March 1986 with only minor
interruptions, for a total of 6 d. 4.5 h. During the first
four days, 12 beams were directed at a zenith angle x
= 20° at azimuths # in steps of 30°, and four beams
were at X = 10° at 4 in steps of 90°. During the last
two days. 8 beams were at X = 20° at f in steps of 45°,
and one beam was directed at the zenith. However,
the studies in the present three papers used only the
beams at X = 20°. whose configuration is shown in
Fig. 1.

The pulse length was 300 m and the range gates
were centered at ranges from 7.5 km to 20.4 km in
steps of 300 m: at x = 20° the range gates were centered
at heights above ground from 7.05to 19.17 km and at
altitudes above sea level from 7.42 to 19.54 km in steps
of 282 m. The average time resolution of the data used
in our analvses was 237 s (4 min). with 2256 records.

3. Basic data and meteorological parameters

Daily profiles of the zonal and meridional compo-
nents of the Lacaxrouind tortzonial wind were deter-
mined from the i1adar radial wind measurements as
follows. The zonal component at each altitude and time
was determined by first averaging the radial wind mea-
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X = 20° :
- ‘® 90°E

fgi
180°
S

F16. 1. Configuration of the radar beams used in this study. All
beams used were at a zenith angle x = 20°. The beams at positions
indicated by open and closed circles were used during the first four
days and the last two davs of the experiment. respectivels.

sured in the 90° and 270° azimuths, averaging the re-
sult over each successive 24-hour period centered at
2322 JST, smoothing the resulting profile with a low-
pass filter with a cutoff at 3 km in order to avoid con-
tamination by waves with short vertical wavelengths
and low frequencies, and finally multiphving by 1/
sin20° = 2.92 1o obtain the horizontal compuanent.
The mendional wind was calculated in the same wayv.
The resulting zonal and meridional wind protiles. pos-
itive toward the cast and north. are shown in the left
and right panels of Fig. 2a. with the zero wind for cach
day displaced to the right by 146 m s "

A zonal jet stream was present during the entire sin-
day period. with a peak zonal wind of 33 m s ' at
about 15 km on the first day, increasing to S8 m's
at about 12.5 km on the third dav. and then decreasing
to 48 ms 'at 10 to 12 km on the sixth day. Below
the jet stream the changes were much larger: at 10 km
the honzontal wind speed increased trom about 4 m
s ' on the first dav. o 30 m's ' on the third Jav. and
then decreased only slightlyv. As a result. the jet stream
became much broader on 1ts lower side.

The background temperature profile in Fig. 2b was
derived from routine radiosonde ascenis ai 0600 and
1200 UTC (0900 and 2100 JST) from Shionemisaki.
100 km south of the MU radar. The reported temper-
atures were interpolated to 1000 m intervals. averaged
over the entire six-day period. and then smoothed with
the same low-pass filter as the wind protfiles. The back-
ground profile of A (where N is the buovaney fre-
quency). also shown in Fig. 2b, was determined b
Sinerencing the nican teinperature prohle over 2000 m.

The altitude of the tropopause determined from each
radiosonde ascent increased from about 10.5 km on
the first two days to about 12 km on the last day, with
an average of about 11 km.
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FiG:. 2. (a) Profiles of background zonal and meridional horizontal wind averaged over 24 h
centered on 2322 JST 8-12 March 1986, The zero wind for each day 1s displaced to the right by
14.6 m s ~'. (b) Profiles of temperature T and buoyancy frequency squared N* averaged over the

entire six-day period.

Figure 3 shows the inverse Richardson number Ri ™
= §%/NZ Here S is the magnitude of the vector shcwr
calculated from wind profiles averaged over 1 h and
differenced over 300 m of range, so that each box in
Fig. 3is 1 h long and 282 m high, and N? is the mean
over the entire six-day period from Fig. 2b. The hoxes
are coded as follows: black, Ri™ > 1;open, 1 > Ri™
> Y blank, %3 > Ri~'. The zero time on this and suc-
ceeding figures is the beginning time of our experiment,
1122 JST 8 March. Since N? is a mean, the variations
of Ri "' with time must be due entirely to variations
of 5%, The region of generaily large Ri ' in the lower
stratosphere between about 10 and 12 km was caused

by the large shears on the bottom of the jet streani.
which diminished during the six-day period (see Fig.
2a). On the 10p of the ,ot sucam the chears were much
smaller and N? was larger so that Ri ™' was considerably
smaller.

The richness and - arianility of the Tadai verocny
data measured by the MU radar are illustrated by Figs.
4 and 5, which show time senes of low-pass and high-
pass filtered data, respectively. The 3 db cutoff was set
at a period of 33 h to ¢ensure that gravity wave motions
near the inertial period (20.95 h at the 34.85° latitude
of the MU radar) were not attenuated in the high-pass
time series and did not contaminate the low-pass senies.




You. 47. No. |

42 JOURNAL OF THE ATMOSPHERIC SCIENCES
20 - ~ . - —
o g ot B2 o J
—~ 18} ° 7 g ¥ by S 6 P
E 0 ’ p oo i, “ ’
Ziete WP oy

14t

ni,
T

1

T
Hitl
Ui
1

12

ALTITUDE

ihuwww{t@ﬂ B °8

60
TIME (hr)

FiG. 3.
from Fig.
the radar.
open, 1 > Ri~' > % blank. ; > Ri™\.

In each figure, panels (a) and (b) present the radial
velocity measured by the 90° (eastward) and 0°
{ northward ) beams, respectively. The velocity scale on
the ordinate is for the lowest range gate at an altitude
of 7.42 km and each successive curve is for 282 m
higher and is shifted upward by 2 m s ! in Fig. 4 and
by 3ms™'in Fig. 5.

In the low-pass time series at and below the jet core
the zonal flow increased rapidly between about 20 and
60 h while the meridional flow underwent a large os-
cillation from about 60 to 150 h. Above the jet core
both components oscillated with periods of about two
days. The high-pass data below the jet core also exhib-
ited considerable variability. Above the jet core the
amplitudes decreased and became less organized with
increasing height.

4. Variance as a function of azimuth and time

The present study of the antsotropy of the fluctuation
ficld is based entirely on the vanance of the radial ve-
locity as a function of azimuth and time, which was
calculated as follows. At each observation time and
altitude the radial wind profiles in the zonal and me-
ndional planes were averaged over 320 records = 21.07
h {about equal to the inertial period) centered on the
observation ame, and the result was smoothed with a
low-pass filter with a cu‘off at 3 km. Then the back-
wround proetic al walhs wztinuth was calculated trom
the zonal and menidional components. This profile was
then subtracted from the observed profile for that azi-
muth and time, and the profile of variance was cal-
culated.

The fluctuations of the vanance can be reduced by
averaging over several altitudes and times. In order to
treat a reasonably homogeneous region, we have av-
craged over only the lower stratosphere; i.e., over al-

80

The inverse Richardson number Ri™' = N?2/8? versus time and altitude. Here A7 is
2b and S°, the vertical shear squared. is derived from the wind profiles measured by
Each box is 1 h wide and 282 m high. The boxes are coded as follows: black, Ri™' > 1:

titudes from 10.43 to 19.17 km (ranges from {1.1 to
20.4 km).

Time series of radial velocity variance at each azi-
muth averaged over 135 records = 1 h are presented in
Fig. 6. The variance varied strongly versus time. with
significant peaks at about 42, 37, 70. &1, 90. 109, and
124 h. Most of the time the azimuthal variation was
dominated by the second harmonic: this was particu-
larly evident during some of the peaks. The first har-
monic was usuaily much smaller than the second. but
occasionally 1t was larger when the second harmonic
was small.

The obscerved variance versus azimuth in a given
time interval can be described succinctly by fitting the
mean and first two sinusoidal harmonics by least
squares. This description is also convenient {or inter-
pretation, since the terms can be interpreted physically.
The mean divided by sin?20° is related 10 the kinetic
energy per unit mass of the radial wind fluctuations.
According to the analysis of Vincent and Reid ( 1983).,
the first harmonic is proportional to the vertical flux
of horizontal momentum per unit mass. which has an
important effect on global atmuspheric dvnamics and
which 1s treated in considerable detail in the second
paper of this scries (Fritts et al. 1990). All three terms
can be interpreted in terms of gravity wave theory, as
will be shown in section 5.

Four examples of the resulting variance versus azi-
muth geeraged Svor S toeords 720 man s Ll the
harmonic fits are shown in Fig. 7. Several features arc
tllustrated. The running mean azimuthal cunve cen-
tered at record number 640 was dominated by the hiest
harmonic. But at record 6435, only 20 minutes Lier.
there was a large second harmonic in addition to a
significant first harmonic. as evidenced by the unequal
maxima and minima. The very rapid change from re-
cords 640 to 645 was at the beginning of the peak at
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FiG. 4. Low-passed eastward (a) and northward (b) time series of radial velocity with the 3 db cutoff period at 33
h. The radial velocity scale is for the lowest range gate at an altitude of 7.42 km and each successive curve is for 282

m higher and is shifted upward by 2 m s "',

42 h in Fig. 6. Records 660 and 700 were both domi-
nated by the second harmonic, and the first harmonic
was small. since the pcaks were nearly equal, but the
ratio of the second harmonic to the mean was much
larger in record 660. Much of this discussion will be
devoted to interpretation of the wide variety of azi-
muthal behaviors.

Figure 8 shows each successive fiited azimuthal curve
centered on records 440 to 830 (at times from 29.0 to
80.3 h) with the zero for each successive curve shifted
1 {ms ")* to the right. The four examples in Fig. 7
are indicated by arrows hetween 40 and 50 h at the
margin of (he¢ upper panel. The predominance of the
second harmonic. particularly during the peaks at 42,
57 and 70 h is clearly visible. Note also the phase
changes during the 42 and 70 h peaks.

These variations are presented quantitatively in Fig.
9. The amplitudes gy (upper bold curve). a; (lower
bold curve). and «, (thin curve) of the mean aud the

first and second harmonics are shown in panel (a).
The corresponding phase angles relative to north of the
maxima, ¢, (bold) and ¢ (thin). are shown in panel
(b}. These quantities are running averages over | h
plotted every 4 min.

From 12 to 30 h, ¢, varied with a period of about 2
h, while ¢, changed by +90° or 180° in alternate cycles.
Similar periodic variations of «,. without significant
phase changes. also occurred later. particularly from
80 to 90 h. After 45 h. ¢, tended to oscillzte about
270°. but there was a tendency for ¢, to depart from
270° during the maxima of «,. There did not appear
to be any overall correlation or relation between the
phases ¢, and ¢ ;.

5. Comparison with gravity wave models

It was pointed out in the Introduction that two d:i-
ferent dynamical processes have been proposed to ac-
count for mesoscale velocity fluctuations: gravity waves
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FIG. 6. Variance at each azimuth vs time averaged from 10.4 to 19.2 km and over | h. The
lines of data correspond to the beam positions shown in Fig. 1.

and stratified turbulence. Because their effects on the
atmosphere are quite different, it is important to eval-
uate the relative significance of these processes. In this
section we consider to what extent the observed fluc-
tuations can be explained n terms of gravity waves.
We do this by developing models for the radial variance
as a function of azimuth due to gravity waves. We find
that probably all of the observed azimuthal curves can
be explained by a suitable field of gravity waves. Un-
fortunately, the theory of stratified turbulence is not
nearly as well developed as the theory of gravity waves,
so that it is not possible to show whether or not the
observed variations could be due to stratified turbu-
lence.

IR S § 1

b e e s

© No.640, T= 424 h

P S
0.660,T=43.4h
o
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ol L i
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FI1G. 7. Examples of the vanance versus azimuth. The data points
are averaged over five records = 20 min. centered on the labeled
record number and time. The curve is the sum of the mean and first
and second harmonics fitted to the data points by least squares. Note
that the panels labeled 640 and 645 are centered only 20 min apart.

O+ - e

0 90

The gravity wave model is developed as follows.
First, we develop a model for the radial variance as a
function of azimuth due to a gravity wave with a given
frequency, wavenumber, and direction of propagation
that is sampled over all phases of the wave. Even though
this model treats only a single wave and ignores the
effects of Doppler shifting due to the background wind.
the resulting model curves resemble the observed
curves. The model also provides insight into how grav-
ity waves can cause the observed vanavons. Second.
the effect of a broad frequency spectrum is explored
by integrating over a power-law spectrum. Third. a
more general azimuthal distribution of propagation
vectors is considered. Finaliy. we consider the varnance
due to quasi-inertial waves that are not sampled over
all phases. Although the azimuthal curves from these
models resemble the observed curves. we do not at-
tempt actually to fit the model and observed azimuthal
curves for reasons that will become apparent.

The azimuthal variation of the variance due to a
gravity wave tield can be modeled by a slight general-
ization of the model that VanZandt ( 1985), tollowing
Pinkel (1981). developed tor the power spectrum of
radial velocity observed by a Doppler radar. The as-
sumptions are the same as those of VanZardt ( 1985)
except as noted. In paiticular. we have assumed that
there is no background wind. For a radar pointing at
an azimuth g = 0° and zenith angle X. the observed
profile of radial velocity . at a range 7 is given by

v, = Re{(O; sinx ¥ & 'cosx)A(k. w. 8)

X expli(hr sinX cosf + mrcosX — )]t (1)
where the upper and lower signs are taken for upward
and downward phase propagation (downward and up-
ward group propagation). Here ©, = cosf + i(1/w) sind
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and @ ' = (/N[0 = (1/w) [T — (w/N)?]}2,
where w and N are the intrinsic and buovancy frequency
normalized by ihe inertal frequency, and A(k, w, #) is
the amplitude of the wave. Variables A and m are the
horizontal and vertical wavenumbers, and the sinX and
cosX terms are the contributions to the radial velocity

JOURNAL OF THE ATMOSPHERIC SCIENCES
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from the horizonial and vertical velocity compenents,
respectively. Of course, (1) isvalid only for | < w = N.

If we assume that the gravity wave energy spectrum
is variables-separable. following Garrett and Munk
(1975) and Vanzandt (1982). then the spectrum as a
function of azimuth # is given by

Fo (m, w. 0)=(L/2m)EA(m/my)B(w) f dOH(6) - ((cosl + iw 'sind)sinX T & 'cosx - {2)
[

where 4, and 4. (=1 — .1, ) are the fractions of energy
associated with upward and downward phase propa-
gation, respectively: E is the total energy per unit mass:
A(n1/my) is the wavenumber spectrum, where #1, is
the characteristic vertical wavenumber: B{w) is the
spectrum as a function of normalized intrinsic fre-
quency w: and FI(#) is the azimuthal distribution of
gravity wave propagation vectors.

For the purpose of discussioa we assume that all of
the waves are propagating in the azimuth #y- so that
H(0)/ 27 = &(f — By}, where 6 is the Dirac delta func-
tion. Then the integration over f replaces ¢ by -, But
since the radar scans in azimu.di. it s more convenient
to assume that the azimuth of the radar g varies and
-1 fixed at 0°, which amounts to the transformation
fl = By — B with 8 = 0°. Then with some rearrange-
ment

Folw, fg) = EB(w) sin X[, /2 + (“w?d
+2(1 24 YCwbd "7 coslig + (6. /2) cos2fr], (3)
where 6. = | + (1/w)” and ¢ = cotx/N.

All of the results presented in this paper were cal-
culated tor N = 200. appropriate to the lower strato-
sphere at the latitude of the MU radar. Then with X

= 20°, C = 0.0137. Equation {3), normalized by the
mean, is plotted versus # in Figs. 10a—c for 4 = 1.
Y. and ‘5. respectively. and for « = 1. 1077, 10,
1092, 102, and 200. (Note that in Fig. [0c the curves
for w = 10"? and 10*/° happer to be almost identical.)

The changes in the relative magnitudes of the peaks
can be understood as follows. Further insight can be
found in. e.g.. Hines (1960, 1974). Gossard and Hooke
(1975). and Pinkel (1981). For downward phasc
propagation, the gravity wave motions lie in a plane
of constant phase whose direction normal is tilted to-
ward 180° by an angle 8 = tan '"(® ') (=w/N for |
<w<N). When w =1, 107,10, 1072107 or 200.
8=0°0.86°2.85°9.09°. 30.0° or 90°. respectively.
Thus the phase plane remains nearly horizontal until
w > 1, When « = 1 the motion is circular. so that the
variance 1s the same in all azimuths. But as « increases
the motion becomes nearly linear along the intersection
of the tilted phase planc and the vertical plane iy
= (°. Then at w = 200, where 3 = 90°_ the vanance
is again the same 1n all azimuths.

When the motion is nearly linear, the vanance versus
# is nearly proportional to cos*y. where  is the dihedral
angle between the radar beam direction and the line
of motion (sce Fig. 11). At 4 = 0° and 1R0°, cosy
=cos(w/2 — X + @) =sin(X F 3).and at # = 90° or
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Fiai. 9. tay The amphitudes a, (upper bold curve ), gy (lower bold curve ). and «; {thin curve)
of the mean and the first and second harmonics. (b) The corresponding phase angles ¢, {bold)

and ¢ 1 thin) of the maxima relanve to porth. ¢ 15 not plotted when g, -+

0.2, These quanuties

are running averaees over 1 h plotted every 4 min.

270°, cosy - cosx singd. When «is small and the mo-
tions are nearly horizontal. then cosy = sinx atf = 0°
and 1807, which 1s much larger than cosy at # = 90°
and 270°, so that the variance has two maxima and
two minima. as shown in Fig. 10a for « = 1077, 10,
and 1017, As wincreases and the line of motion steep-
ens, cosy at il = 907, 1807, and 270° decreascs relative
to # = 0° Indeed. when 3 = X = 20° (at w - 68.4),

A-=3/4

cosy = 0°: i.c.. the motions are normal to the 180
beam. Thus. at larger w there s only one mavimum
and one minimum. as shown in g, 10a tor « - 100,
I'he westward maximum 1s consistent withi phase sur-
taces whose normals are tilted toward the cast due either
to generation by sheur instability below the jet stream.
or to topographic forcing or convection at lower levels,
Of zourse, upward phase propagation. .1 o1 L
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10, Racha velocity variance versus radar beam azimuth @ for a radar beam zemith

angle X - 20°_ as a function of gravity wave frequency o, normalized by the inential frequencs.

The frequency code is w -

1. solid; 10", dotted: 10. dashed: 10Y7, dot-dash: 100 and 200,
<olid. The gravity waves are all assumed to be propagating in the azimuth 07, and

18 the

traction of the vases with downward phase propagation (upward group propagation). [ Note

that in panc! () the curves for

1047 and 1072 are almost identical |
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)4 -X -
vI. x-B
b B
B
180° By = 0°
Fice. TH Sketeh illustrating the dihedral angle between radar beams

and gravits wave perturbatton velocities in the vertical plane of iy,

0 for downward and nghtward phase propagation. The d~uble-
headed arrows indicate the perturbation motions in three sur aces of
constant phase. The sketeh s for radar beam zenith angle X = 20°
and gravits wave frequency o SO resuiting tn an inchnation angle
4 1457 and dihedral angles 3559 and 84,57,

produces the same pattern shifted by 180°, so that in
Fig. 10c¢ for 4 = 0.5 the curve between 90° and
270° repeats the curve from 270° to 90°.

The frequency spectra from 24-hour time series of
the present dataset. analyzed in the following paper by
Fritts et al. (1990). follow a power law « " with p
= %. Therefore, (3) has been int~grated numerically
over all @ from 1 to 200 (1.e.. from the inertial frequency
to the buoyancy frequency ) with p = 1. %, %.and 2.
The resulting curves are shown in Fig. 12

The curvesin Figs. 10 and 12 are symmetrical about
f#y . so that a model with all waves propagating in one
direction cannot explain the unequal minima that are
often ohserved in Figs. 7 and 8. In order to demonstrate
that a gravity wave model can explain such minima,

(@) A= - {b)
w2 -
O ;
Z .
< .
x R
g . H b!‘ L -:A /
, ' LA
O« - S e
0 %0 0

Voi. 47 No. |

Fig. 13 shows the sum of the curve in Fig. 12a for p
= % plus the same curve multiplied by ' and shifted
90° toward the left (counterclockwise ).

Of course, in reality the distribution of propagation
vectors cannot consist of & functions. But the fact that
the widths of the maxima and minima in the md del
curves are similar to the observed widths suggests that
the peaks in the actual [/(#) must indeed be narrow.

The foregoing models assume that the gravity waves
in the field are sampled uniformly over all phascs. cither
versus space or time. In the present experiment, av-
eraging over the aftitude range of 8.74 km samples over
the phase of most waves, since the characternistic vertical
wavenumber 1n the lower stratosphere is only 2-3 km
(Fritts et al. 1988). On the other hand. averaging over
20 min in Figs. 7-9 samples over the phase of onhy
waves with short periods. For waves with w = 3, where
the motion is approximately linear. the partial sampling
affecis the amplitude. but not the shape of the curves
in Figs. 10, 12, and 1 3. But for waves with @ < 3. 1.¢..
near the inertial frequency. according 10 kqg. (1) the
perturbation velocity rotates on an ellipse, so that the
curves in Fig. 10 also rotate.

The rotations occasionally seen 1n Fig. 8 may be due
to such quasi-inertial waves with long vertical wave-
fengths In particular, the counterclockwise rotation
just after 70 h could be due to a quast-inerual wave
with a horizontal wavelength of about 1000 km that
has been Doppler-shifted to a period of about 1y hours
by the background wind.

It 15 clear that probably all of the observed curves in
Figs. 7 and & and the relative amplitudes ard phases
in Fig. ¥4 and 9b could be ¢xplained by a gravity wase
ficld with suitably chosen time-dependent B(w ). F1(#).
and .1 . Indeed. it appears that most ot the observed
curves could be explained by model curves with a fre-
quency spectrum Blw) « « “Pwith p = ¥and ap-
propriate ff(#)and 4 . There are two Kinds of excep-
tions, First, when a, > a-. 1.e.. when the observed vari-
aton is roughly unimodai. £(«) must be dominated

A=1/2 -

A=¥4 - - {c)

/'\\ . ) )
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FiGi. 12, The curves in Fig {0 integrated over w with frequency spectra B{w) .« « " with
= 1. solid: %. dotted: ¥;. dashed; and 2. dot-dash. Other parameters arc as for Fig. 9.
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FiG 13, The sum of the unve in Fig. 12a > p - % plus the sume
curve multiphed by Y and shifted 90° towar. the left. This process
pendites unequal minira,

by relatively high frequencies and with A # Y. Sec-
ond. during the periods of rotation B(c¢) must be
dominated by a quasi-inertial wave.

We have not attempted actually 1o it model curves
to the observed curves, because the number of param-
cters s so large that the fittings could not be unique.
Moreover. the present model ignores the effects of
Doppler shifting due to the background wind, which
was quite large during this experiment. Doppler shafting
has no effect on the component of motion at right an-
gles to the wind. But in the plance of the wind 1t changes
the shape of the frequencey spectrum (Schetiler and Liu
1986 Fritts and VanZandt 1987). For radial spectra
1t tends to reduce the effective value of p. Thus, Doppler
shitting would tend to move the model results toward
the curves with smaller poan Fig, 12,

6. Conclusions

We tind that the radial velocity vanance averaged
from 10.4 10 19.2 km 1s a strong function of azimuth
# and time. The asimuthal variations were analvzed in
terms of the mean and trst and second harmonics.
Fhe amplitude g, of the mean divided by sin X is re-
lated to the kinetic energy per unit mass. The first har-
monic is proportional to the vertical flux of horizontal
momentum, which is discussea in the second paper
(Fritts ¢t al. 1990) of this series.

Usually, the azimuthal variation was dominated by
the second harmaonie, but the ratio of the ampitude
of the second harmonic to the mean and first harmonic
terms was quite variable. When the first harmonic was
large enough. it often made the two peaks and the two
vallevs unequal. Indeed. the first harmonic was occa-
stonally so large that there was only one perak. The
phase of the maximum of the first harmonic was usu-
ally westward, but the phase of the second harmonic
was quite variable.
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It was shown by a development of gravity wave the-
ory that probably all of the observed azimuthal vari-
ations could be caused by 4 field of gravity waves. The
vaniations with time must then be due to vanations of
the parameters of the gravity wave field.

Because the theory of stratified turbulence is not suf-
ficiently well developed. it is not possible to develop
model azimuthal curves that can be critically compared
with the observed curves. Thus, it cannoet be deter-
mined to what extent the observed variations may be
due to stratified turbulence.

The present observations and conclusions strictly
apply only to the conditions under which the obser-
vations were made: the observations were made In
March in the middle latitudes of cast Asia. a jet stream
was overhead, and the relief near the MU radar is
strong. In order to understand how much our results
depend on these particular conditions, similar exper-
iments under other conditions are needed. The effect
of background meteorological conditions and season
can be studied by the MU radar. The effect of terrain.
latitude. etc.. can be explored by other radars in dif-
ferent terrains.
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